Backcross progenies, BC1 and BC2, derived from crossing a hexaploid potato (+) tomato fusion hybrid to tetraploid potato, were monitored for the presence of alien tomato chromosomes. For discriminating the tomato chromosomes from those of potato, both mitotic and meiotic chromosome preparations were labelled differentially through total genomic DNA in situ hybridization (GISH). The presence or absence of individual tomato chromosomes in the BC progeny was identified through RFLP analyses using chromosome-specific DNA probes. The results indicated that the BC 1 plant possessed only nine chromosomes of tomato instead of the expected haploid set of 12. Of the nine persistent tomato chromosomes, there were three pairs that formed bivalents and three singles that formed univalents at meiosis. One of the single chromosomes was strikingly longer as a result of some structural mutation and could easily be identified in the hexaploid parent, the BC1 and in some of the BC2 plants. From the analyses of BC2 progeny there were indications of the presence in the BC1 of tomato chromosomes 1, 3 and 6 in duplicate, and chromosomes 8, 9 and 10 in the haploid condition. The number of tomato chromosomes transmitted to BC2 plants varied from one to six. The results of GISH revealed that a few BC2 plants possessed more tomato chromosomes than those deduced from RFLP analysis. This indicated the presence of some tomato chromosomes in duplicate and others in the haploid condition. The potential value of these genotypes for establishing potato lines with additions and substitutions of tomato chromosomes is discussed.
Introduction
Somatic hybridization through protoplast fusion (Meichers et a!., 1978) offers the potential for utilizing distantly related taxa in crop breeding. Unlike sexual hybridization, through protoplast fusion it should be possible to exploit individual organelle genomes in addition to the nuclear genome. With this aim, somatic fusion hybrids between potato and tomato have been successfully made in the past (Shepard et a!., 1983; Wolters et a!., 1991; Jacobsen et a!., 1992; Schoenmakers et al., 1994) . If such somatic hybrids are to be used further in breeding, the following aspects have to *Correspondence 250 be considered: (i) the possibility of backcrossing the fusion hybrid to the parents; (ii) the transmission of the individual genomes, or individual chromosomes from somatic hybrids to the progeny in the subsequent generations; (iii) the occurrence and extent of any genetic recombination between the homoeologous chromosomes; (iv) the structural integrity of individual chromosomes in an alien genomic background and the possibility of producing lines with alien chromosome additions and/or substitutions from either the potato or the tomato.
To answer these basic questions as well as to develop breeding material, hexaploid potato (+) tomato somatic fusion hybrids (2n 6x = 72) were successfully backcrossed to tetraploid potato (2n=4x=48) for the first time (Jacobsen eta!., 1994 and unpublished) . The resulting backcross progeny, BC 1 and BC2, were analysed cytologically for their chromosome constitution using the technique of total genomic DNA in situ hybridization (GISH) that has successfully been applied to several other plant species (Anamthawat-Jónsson et a!., 1990 Schwarzacher et a!., 1992; Kenton et a!., 1993; Mukai et a!., 1993) . Besides this cytological study, the presence or absence of alien individual tomato chromosomes in the BC progeny was identified through RFLP analysis using chromosome-specific DNA probes.
Materia's and methods

Plant material
For protoplast fusion, the diploid potato, Solanum tuberosum (87.1017/5, 2n = 2x = 24), heterozygous for the amylose-free locus (Amf/amf, Jacobsen et a!., 1989), was used as one of the parents. The other parent was Lycopersicon esculentum (2 n = 2x =24), mutant C3 1, deficient for nitrate reductase (Schoenmakers et al., 1991) . The resulting somatic fusion hybrid, C31-17-1, was a hexaploid (2n = 6x = 72). Dot blot analysis had revealed that this fusion hybrid possessed four genomes of potato and two of tomato (Jacobsen eta!., 1994) .
The first backcross progeny was produced by crossing C31-17-1 to the 4x-potato clone AM66-42 and the near-pentaploid (2n = 5x -3 = 57) BC1 plant, 93.6701, was obtained (Jacobsen et a!., 1994) . The BC2 plants originated from a cross between 93.6701 and the 4x-potato clone 90.6020/2 2, which is nulliplex for the amf locus (Jacobsen et a!., 1994) . The following BC2 progeny were included in this investigation:
93.6731/1; -/2; -/3; -/4; -/5; -/6; -/7; -/9; -/11; -/14; -/19; -/22 and -/24. All plants were maintained as in vitro cultures as well as grown in the greenhouse for collecting root tips and leaf samples.
DNA probes for RFLP analysis
In all, 12 different DNA probes that could specifically identify each of the 12 tomato chromosomes were used. The probes corresponding to potato and tomato chromosomes in the order of 1 to 12 were the following: Ssp55; Ssp38; TG13O; Ssp27; GP21; TG118;
TG143; GBSS; TG89; TG28; Ssp29; and Ssp129. The probes were kindly provided by: TG = S. D. Tanksley, Ssp =C. M. Kreike, GP= C. Gebhardt, GBSS = R. G. F. Visser. For RFLP analysis, DNA was extracted from young shoots and leaves according to Bernatsky & Tanksley (1986) . The procedures for restriction digestion and Southern hybridization were according to Kreike et a!. (1990) and van Eck etal.(1993) .
Genomic in situ hybridization
Fast growing root tips were pretreated in an aqueous solution of 2 mvt 8-hydroxyquinoline for 2-2.5 h at 17°C and fixed in a solution of 3:1 ethanol: acetic acid at room temperature for 4-6 h. The fixed root menstems were thoroughly washed in water and incubated in a pectolytic enzyme mixture (0.1 per cent pectolyase Y23, 0.1 per cent cellulase RS and 0.1 per cent cytohelicase in 10 m citrate buffer, pH 4.5) for 1 h at 37°C. The material was carefully transferred on to a grease-free microscope slide and the cells were spread according to the technique of Pijnacker & Ferwerda (1984) . For preparations of meiotic cells we selected anthers with pollen mother cells at the appropriate meiotic stages by monitoring one squashed anther in a drop of aceto-carmine, examining it under a phase contrast microscope and fixing the remaining anthers in acetic alcohol fixative. Anthers with pollen mother cells were digested with the same pectolytic enzyme mixture although the concentration was three times higher (0.3 per cent each), and the incubation time at 37°C was increased to 2-3 h.
The procedures of DNA denaturation, in situ hybridization and detection/amplification were according to Leitch & Heslop-Harrison (1994) , Schwarzacher & Heslop-Harrison (1994) and Schwarzacher & Leitch (1994) . The tomato DNA was sonicated until the fragments attained the size of 1-10 kb and labelled with digoxigenin-1 1-dUTP or Fluorescein-1 1-dUTP according to a standard random primed labelling protocol. The potato DNA was autoclaved for 5 mm giving fragments of about 100 bp. The hybridization mix (40 uL per slide) consisted of 50 per cent deionized formamide 10 per cent (w/v), 20 per cent sodium dextran sulphate (Sigma), 2 X SSC, 0.25 (w/v) sodium dodecyl sulphate, 2.5 ng/1uL probe DNA and 0.1-0.25 4ug/uL blocking DNA. This mix was denatured for 10 mm at 90°C and then placed on ice for five minutes. Hybridization was performed overnight at 37°C and the slides were then washed in solution containing 2.5 per cent DABCO( 1,4-Diazabicyclo[2.2.2.]octane (Sigma) in glycerol). Selected nuclei were photographed on 400 ISO colour negative film.
Results
The karyotypes of tomato and potato are very similar, so that most chromosomes cannot be discriminated in the fusion hybrids and backcross derivatives through the routine cytological procedures such as Feulgen or carmine staining or even the C-banding technique. Therefore, special cytological and molecular procedures were required to characterize the chromosome constitutions of the fusion hybrid and the BC progeny. To this end, it was essential to make use of the GISH technique and RFLP analysis.
Chromosome constitution of C3 1-17-1
Although the hexaploid C31-17-1 was known to possess four genomes of potato and two of tomato (Jacobsen et al., 1994) , the evidence was indirect.
Therefore, a more direct cytological estimate was made through GISH ( Fig. la) . As expected, there was unequivocal evidence for the presence of two complete tomato genomes which fluoresce yellow or green using FITC-labelled tomato DNA hybridized as probe. A notable feature was the presence of an extra-long chromosome easily detectable in nuclei at prophase and prometaphase stages in this plant. This abnormality was probably the result of chromosomal rearrangements induced either during the fusion process or tissue culture during the callus phase or regeneration. Besides cytological evidence for the presence of two complete genomes, RFLP analysis confirmed that all the twelve tomato chromosomes were represented in the fusion hybrid (Table 1) .
Anomalous chromosome constitution of the BC1 p/ant
In the root tip cells of this plant the chromosome number was found to be 2n =5x -3 57. This shortage of three chromosomes from the expected pentaploid (2n = 5x = 60) number could have resulted from nontransmission of either potato or tomato chromosomes from the fusion hybrid to the BC1 progeny. Alternatively, chromosome elimination could be the cause of the aneuploidy observed. In order to establish the chromosome constitution of this BC 1 (93.6701), (i) the somatic chromosomes were differentially labelled through GISH, (ii) chromosome pairing was analysed in pollen mother cells following GISH and (iii) the presence or absence of individual tomato chromosomes was determined through RFLP analysis using chromosome-specific DNA probes.
(i) The somatic chromosome complement included nine differentially labelled tomato chromosomes (Fig. ib). Among these nine chromosomes, one was abnormally long (arrow in Fig. 1B) , which was equivalent to the one observed in the fusion hybrid C31-17-1. With the exception of the aberrant chromosome, it was impossible to determine whether the differentially labelled bodies represented eight different chromosomes of tomato or not. However, meiotic analysis helped to resolve the chromosome constitution of BC1.
(ii) If all the alien chromosomes retained in the BC1 plant were nonhomologues, nine univalents would be observed during the prophase to metaphase I stages of meiosis. However, contrary to this expectation, three tomato bivalents and three tomato univalents were detected at pachytene and diakinesis/metaphase I (Fig.   lc,d ). This was a clear indication of the presence of three homologous pairs of tomato chromosomes and three univalents accounting for a total of nine alien chromosomes in 93.670 1. Thus the nine chromosomes represented only six of the 12 chromosomes of the haploid complement of tomato expected to be present in the BC1 plant. Except for counting the number of bivalents and univalents, it was not possible to identify which of the tomato chromosomes were present in the BC1 plant. However, the extra long tomato chromosome could be identified as one of the univalents (Fig.   id, arrow) . For the identification of individual + indicates the presence and -the absence, respectively, of tomato chromosomes for which they were tested with chromosome-specific probes. n.d.: not determined.
chromosomes of tomato RFLP analysis was carried out.
(iii) Corresponding to the cytological observation, RFLP analysis identified only six of the possible 12 chromosomes of tomato (Table 1) . This means the chromosome-specific probes that had identified all the 12 tomato chromosomes in the fusion hybrid, C3 1-17-1, gave positive results for six of the chromosomes: 1, 3, 6, 8, 9 and 10, the rest being absent from the BC1 plant. Although the presence of individual chromosomes of tomato in the BC 1 plant could be confirmed through RFLP analysis, it was not possible to establish which of the three chromosomes were present in pairs.
This could be tentatively determined through the analysis of the BC2 progeny.
Analysis of BC2 progeny A total of twelve different BC2 plants were analysed in order to determine the number of tomato chromosomes still persistent in the somatic cells. These genotypes were: 93. 6731-1, -2, -3, -4, -5, -7, -9, -11, -14, -19, -22 and -24 . In all cases, in addition to 48 chromosomes of potato, the presence of variable numbers of tomato chromosomes could be demonstrated through GISH (Fig. le,f and Table 1 ). Between plants, the number of alien tomato chromosomes varied from 1 to 6. Within a plant, however, the number remained fairly constant between different somatic cells. The abnormally long chromosome observed in the fusion hybrid and BC 1 was transmitted to some of the BC2 progeny (e.g. 6731-1 and -22). Chromosome pairing has not been analysed in any of these plants so far.
RFLP analysis was carried out in eight BC2 plants. As expected, only those alien tomato chromosomes that were present in the BC1 plant reappeared in the BC2 progeny (Table 1) . A remarkable feature was that some of the alien chromosomes were present more frequently than others. For example, chromosome 6 of tomato was present in all the eight BC2 progeny that were analysed and even in 12 additional plants tested for this chromosome (unpublished results). In addition, chromosomes 1 and 3 were observed more frequently than the other three chromosomes, namely 8, 9 and 10.
This might indicate that those chromosomes which were present in the disomic condition in the BC1 were transmitted at a higher frequency to the BC2 progeny than those that were present in the monosomic condition. If this were the case, then the more frequently encountered chromosomes would be more likely to be present as homologous pairs than the rest. The trans-mission of chromosome 6 was observed in all 20 BC2 plants indicating normal disomic inheritance for this chromosome.
In seven BC2 plants the presence of tomato chromosomes was tested both by chromosome-specific probes and GISH (Table 1) . The results in five of them were consistent. In the other two, 93.6731-4 and 93.6731-5, as in the BC1 93.6701, there was a difference between the number of tomato chromosomes detected through RFLPs and through GISH (Table 1) . In both cases, RFLP analyses identified three chromosomes each but GISH revealed the presence of five and six chromosomes respectively. This means that in these two BC2 plants, as in BC1, 93.6731, some of the chromosomes were present in the disomic and the others in the monosomic condition. This anomalous chromosome constitution has obviously resulted from irregular chromosome segregation during meiosis in the BC1.
Discussion
This study shows that tomato chromosomes can easily be discriminated from those of potato through the technique of GISH. The detection of tomato chromosomes is consistent and reliable for the following reasons. (i) Based on dot blot hybridization it was concluded that two genomes of tomato are present in the hexaploid somatic hybrid, C31-17-1 (Jacobsen et a!., 1994) . The results of GISH also indicate the presence of two genomes of tomato in this fusion hybrid (Fig.  la). (ii) In the BC1 plant only nine of the expected 12 chromosomes of tomato were detected (Fig. ib) of which three were present in the disomic condition (Fig.  ic) . This cytological evidence suggests the presence of only six individual tomato chromosomes in the BC1 plant. The RFLP data vindicate (Table 1) (Table 1) are potentially useful for creating monosomic or disomic potato/tomato addition lines.
Although they are intergeneric hybrids the parental species, potato and tomato, possess some common cytogenetic features. First, their chromosomes are morphologically similar (Yeh & Peloquin, 1965; Ramanna & Wagenvoort, 1976) ; second, their molecular linkage maps are nearly homosequential (Tanksley et a!., 1992) and third, homoeologous chromosome pairing and recombination might occur in fusion hybrids (de Jong etal., 1993) . In view of these observations it is likely that besides monosomic and disomic alien lines, it might be possible to recover genotypes with recombinant chromosomes. The recovery of such alien chromosome recombinants through the help of GISH has been demonstrated in the case of cereals (Anamthawat-Jónsson et a!., 1990; King et a!., 1993 King et a!., , 1994 Mukai et al., 1993) and tobacco (Kenton et a!., 1993) . Tentative studies showed similar recombinants in the case of potato (+) tomato fusion hybrids as well.
Once the monosomic or disomic alien addition lines are established, the questions remaining are: (a)
whether the added chromosomes are retained in the alien genetic background without being preferentially eliminated and (b) whether the structural integrity of the alien chromosome remains intact in the new genetic background. In an earlier study (Shepard et a!., 1983) preferential elimination of alien chromosomes in potato (+) tomato fusion hybrids has been recorded. In this case chromosome elimination was inferred solely on the basis of the chromosome counts which fell short of the expected number. In any case the eliminated chromosomes were not identified. With the identification method used in this study chromosome elimination, when it occurs, can be accurately monitored. Besides this cytological method, chromosome elimination can also be detected through the use of the amf marker gene used in this study. Because the wild type Amf-locus marks chromosome 8 of tomato, the elimination of this chromosome from a simplex genotype (Amf/amf/amf/amf) can be easily detected by staining any starch-containing tissue with iodine which gives a red colouration. The advantage of this method is that even low frequencies of chromosome elimination can be estimated with little effort when the appropriate genotypes are used.
The absence of three tomato chromosomes in the BC1 plant, 93.6701 is intriguing. Because the fusion hybrid C31-17-1 possesses two complete sets of the tomato chromosomes, a balanced haploid set of 12 chromosomes from this parent was expected to be present in the BC 1. Contrary to this, three pairs (probably chromosomes 1, 3 and 6) and three monosomics (probably 8, 9 and 10) from the fusion hybrid have been transmitted in the functional gamete. There is no clear explanation at present for the occurrence of such an anomalous cytological event in the fusion hybrid. However, observations of pollen mother cells at anaphase II in some other somatic tomato (+) potato hybrid cells revealed very skewed segregations of the tomato chromosomes in the daughter cells (unpublished work). Whether this anomaly in the meiosis of hexaploid fusion hybrids is rare or a more regular feature will be evident after the analysis of the second BC 1 progeny that we have produced recently (unpublished). In the BC2, strong indications for the same kind of anomalous transmission of single and pairs of alien chromosomes, using the BC 1 as female, have been found.
